A proline-producing strain of Serratia marcescens grew more rapidly than the wild-type strain in a medium of high osmolarity due to high concentrations of NaCl, KCI, Na2S0,, (NH&HPO,, sodium glutamate, glucose or sucrose. Growth inhibition by NaCl was partially reversed by proline in the wild-type strain, and by glutamate and proline in the proline-producing strain. Intracellular proline and glutamate concentrations under conditions of high osmolarity were studied. The wild-type strain accumulated endogenously synthesized glutamate, and concentrated proline taken up from the external medium. In contrast, the proline-producing strain accumulated a large amount of endogenously synthesized proline. This increased proline content contributes to the osmotolerance of the proline-producing strain. The growth inhibition by NaCl was also reversed by glycinebetaine in S . marcescens wild-type and proline-producing strains.
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I N T R O D U C T I O N
The osmotic strength of the medium is one of the important parameters influencing the growth of micro-organisms. Most micro-organisms, except for halophiles, show optimal growth at low osmotic strength and the internal osmolarity is controlled by the accumulation of amino acids (Tempest et al., 1970) , inorganic cations (Thompson & MacLeod, 1974) , polyhydroxy alcohols (Brown, 1974) or carbohydrates (Roller & Anagnostopoulos, 1982) . With amino acids, proline or glutamate functions as the most effective osmobalancer when non-halophilic bacteria are subjected to conditions of high osmolarity. Measures (1975) reported that Gram-negative species mainly accumulate glutamate in response to osmotic stress, and that those organisms which accumulate proline are Gram-positive. Csonka (1 981) obtained osmotolerant mutants of Salrnonella typhimurium which overproduced proline owing to regulatory mutations affecting proline biosyn thesis.
Three enzymes are involved in the synthesis of proline from glutamate in bacteria (Umbarger, 1978) : glutamate kinase, glutamate-y-semialdehyde dehydrogenase and pyrroline-5-carboxylate reductase. The major regulatory point of proline biosynthesis is the feedback control of glutamate kinase (Adams & Frank, 1980) . We have obtained proline-producing strains among proline analogue-resistant mutants of Serratia marcescens . A 3,4-dehydroproline-resistant mutant, SP 105, derived from a proline oxidase-deficient mutant, produced about 5 mg L-proline per ml of medium. A thiazolidine-2-carboxylate-resistant mutant, SP 126, derived from strain SP 105, produced 20 mg L-proline per ml. Using the prolineproducing strain, we have examined the role of proline in the osmoregulatory mechanisms of S. marcescens.
M E T H O D S
Bncfcv-iirl strnitrs rrtrdt?irt/iu, The strains used were S. niarw.sccvrs Sr41 strain 8000 (wild strain; Matsumoto et al., 1975) ; strain SP103. a proline oxidase-deficient mutant: strain SP105, a 3,4-dehydroproline-resistant mutant derived from strain SP 103 ; and strain SP 126, a thiazolidine-4-carboxylate-resistant mutant derived from strain SP105 . Miminal medium (M1 medium) was that of Davis & Mingioli (1950) , modified by omitting the citrate and increasing the glucose concentration to 0.5 "/, as decribed previously (Sugiura & K isumi, 1984) . Nutrient medium contained 0.57" glucose, 1.0:; polypeptone, 0.3% meat extract, 1.0:; yeast extract and 0.500 NaCI, pH 7.0. For the solid medium, 1.5"/, agar was added. All amino acids used were L-configuration. Grot+dz e.uperiments. These were done with a Hitachi automated recording incubator system (Chibata ef ul., 1977) . Cells were grown at 30 "C with shaking (140 r.p.m.) in a test tube containing 3 ml medium. Growth was measured as the OD,,,, every hour. Bacteria grew exponentially until an OD,,,, of 0.6 was reached. The generation time was expressed as the mass doubling time, calculated during exponential growth at optical density values between 0.1 and 0.5. The specific growth rate was defined as In 2/(mass doubling time, h).
Anal~,ficalprocedures. The influence of growth conditions on the intracellular contents of proline and glutamate was assessed as follows: 150 ml M1 medium in a 500 ml flask was inoculated with a loopful of cells grown on a nutrient slant, and incubated at 30 "C with reciprocal shaking (140 oscillations min-I , 7 cm stroke). Growth was estimated by measuring the OD,,,(, with a Hitachi photoelectric photometer (EPO-B type). To adjust the osmolarity of the medium to 0.3 M -N~C I , 15 ml 3.3 M -N~C I was added to the MI medium during exponential growth and cells were further cultured for 0.5 to 1.0 h after this addition. In certain experiments. proline or glutamate were also added, either separately or together. At the end of the exponential growth phase [0.5 to 0.7 mg dry wt cells (ml culture)-'], cells were harvested by centrifugation (5000g, 5 min) and washed rapidly once with l00ml cold fresh medium. When NaCl medium was used, cells were also washed with cold M1 medium containing 0.3 M -N~C I . Thereafter, cells were suspended in 3 ml water. A portion of the suspension was diluted with water and the OD,,,, measured; the extent of growth was then calculated from a standard curve; an optical density of 0.10 corresponded to 160pg dry wt cells ml-I, as described previously (Sugiura ct a/.. 1981) . The suspension was boiled for 10 min and centrit'uged at 20000g for 3 min. The proline and glutamate contents of the supernatant were then determined by microbioassay with Leuconostoc mesetiteroides P-60 (Steele e l ul., 1949). The contents were expressed as millimolrir intracellular concentrations using a value of cell water based on the assumption that the wet weight of cells is four times the dry weight (Tempest ct ul., 1970) .
Enzjwe assuj'. Exponentially growing cells in M 1 medium were harvested by centrifugation, disrupted with a sonic oscillator and centrifuged as described previously . The cell-free supernatants were then assayed for protein by the method of Lowry, and for glutamate dehydrogenase (GDH) by measuring the reduction of NADPH by the method of Dendinger c>t al. (1980) . Specific activity was expressed as pmol product min-' (mg protein)-'.
R E S U L T S
Growth of' a proline-producing strain in media of' high osmolurity Growth of two strains of S. marcescens, wild strain 8000 and a proline-producing strain SP126, was determined in media with increased osmolarity due to both electrolytes and non-electrolytes (Table 1) . In minimal medium, strain SP126 grew more slowly than strain 8000, probably because of the abnormal metabolic flow due to the release of feedback controls in proline biosynthesis. In all media of high osmolarity, however, strain SP126 grew more rapidly, 1.e. (11) Wild strain 8000; (h) proline-producing struin SP126.
The strains were groMn in minimal medium with the following additions: 0, none; 0 , 600 mM-NaC1:
0. 600 mwNaC'I + I mM-proline; A, 600 mhi-NaC'1 + 1 mM-glUtamate; A. 600 mM-NaC1 + 1 mMg I y c i n e be t a i n e .
strain SP126 was more tolerant than strain 8000 to the osmotic stress imposed by NaC1, KC1, sodium glutamate, glucose, sucrose, Na2S0, or (NH,)?HPOJ. These results suggest the presence of an osmoregulatory mechanism induced by proline in S. marcescens.
Rerersal of gro1ijth inhibition induced by NaCl Csonka (1981) reported that proline could reverse the osmotic inhibition in Salmonella tyyhimurium; we confirmed this phenomenon in Serratia marcexens. Of 16 common amino acids tested (alanine, arginine, aspartate, cysteine, glutamate, glycine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, proline, serine, threonine and valine; 1 mM each), only proline and glutamate reversed the growth inhibition (Fig. 1) . In wild strain 8000,600 mM-NaC1 strongly inhibited growth. Addition of 1 mwproline or glutamate alleviated the growth inhibition, although the reversal by either amino acid was incomplete. Increasing the concentration of either amino acid to 10 mM did not enhance the reversal (data not shown). In the proline-producing strain SP 126, reversal of growth inhibition by glutamate was greater than that by proline. Again increasing the concentration of either amino acid did not enhance the reversal. These results suggest that proline and glutamate function as osmoregulators in S.
marcescens.
Apart from amino acids, it was recently reported that methylated quaternary ammonium compounds, such as glycinebetaine, could protect some enteric bacteria against osmotic stress (LeRudulier & Valentine, 1982) . The growth inhibition of S. marcescens in media of high osmolarity was also relieved by exogenous glycinebetaine, and the reversal by glycinebetaine was found in both proline-producing and non-producing strains (Fig. 1) . These results indicate that glycinebetaine is also an osmoregulator in S. marcescens.
Changes in intrircellulur glutumute and proline concentrations under conditions of' high osmolarity
Intracellular glutamate and proline concentrations in S. marcescens were determined (Table  2) . In minimal medium, the intracellular glutamate concentration of strain 8000 was about 8 mM. which was about 10-fold greater than the proline concentration. Neither glutamate nor proline concentrations were increased by addition of the amino acids to the medium. When the osmolarity of the medium was increased by addition of 300 mM-NaC1, the intracellular glutamate concentration increased significantly to about 80 mM ; the proline concentration, however, was not changed. The addition of glutamate to the high osmolarity medium slightly increased the intracellular glutamate concentration, but had no effect on the proline concentration. On the other hand, the addition of 1 mM-or 10mM-proline in the presence of 300 mM-NaC1 increased the proline concentration 100-fold. These results suggest that proline transport into the cells is stimulated under conditions of high osmolarity, and that growth inhibition by NaCl is alleviated by an increase in the intracellular proline concentration. The further addition of glutamate had no effect on either glutamate or proline concentration. Addition of other amino acids, such as arginine, threonine or isoleucine, did not influence the intracellular concentrations of amino acids. either in minimal medium or after addition of NaCl (data not shown). The intracellular proline and glutamate concentrations in strain SP103, a proline oxidase-deficient mutant, were similar to those in strain 8000 (data not shown). In order to identify the roles of proline and glutamate in osmoregulation by S . marcescens, intracellular concentrations of both amino acids in the proline-producing strain SP 126 under conditions of high osmolarity were determined (Table 2) . In minimal medium, the intracellular proline concentration was 18 mM, which is some 20-fold greater than that of the wild-type strain. In contrast, the glutamate concentration was slightly lower, at 5 mM. Both concentrations were little influenced by addition of glutamate or proline to the minimal medium. In a medium of high osmolarity, however, the intracellular proline concentration increased to 100 mM, whereas the glutamate concentration only increased to 40 mM. Neither amino acid intracellular concentration was affected by the further addition of either glutamate or proline. The reason for the increase of intracellular glutamate concentration under high osmotic conditions was examined. A hypothesis that G D H , a key enzyme for glutamate biosynthesis in bacteria (Rosenfeld & Brenchley, 1983) , was activated by alkalization of intracellular pH due to addition of NaCl was proposed for Aerohacter aerogenes (Brown & Stanley, 1972) . We examined the GDH activity of S. marcescens wild strain 8000 at various p H values and under conditions of high osmolarity (Table 3) . The enzyme had a broad optimum at pH 8-0 to 8.5. It was slightly activated by 100 and 300 mM-NaC1, and its activity in extracts of cells grown in 300 mM-NaCl medium was 1.5 times greater than that in extracts of cells grown in minimal medium. This increase in GDH activity and content may contribute to the increase in intracellular glutamate concentration under conditions of high osmolarity.
D I S C U S S I O N
A proline-producing strain of Serratio miircescens was more osmotolerant than the wild-type strain under conditions of high osmotic stress induced by both electrolytes and non-electrolytes. The intracellular proline concentration of the proline-producing strain was 20 times higher than that of the wild-type strain, suggesting that the enhanced osmotolerance might be a consequence of the high intracellular concentration of proline.
The intracellular glutamate concentration of the wild-type strain of S. mclrcescens increased 10-fold when cells were grown in a medium of high osmolarity, but the proline concentration did not change under these conditions. While Measures (1970) reported the increases of intracellular glutamate and proline concentrations in S . marcescens under conditions of high osmolarity, it was not clear whether both amino acids were synthesized internally or were transported from the medium, because a nutrient broth was used in the experiment. Using a chemically defined medium, Brown & Stanley (1972) reported an increase of intracellular glutamate concentration in A . aerogenes and of proline in Bacillus suhtilis. More recently, Csonka (1981) made a more precise examination of the changes in intracellular amino acid concentrations in wild-type and proline-producing strains of Snlrnonellrr tjphimuriunr under conditions of high osmolarity : glutamate and glutamine concentrations increased, but proline concentration did not change in the wild-type strain. The reason for the increase of intracellular glutamate concentration in these micro-organisms was unclear, although some hypotheses were proposed. Since the GDH of Serratiri marcescens had a broad pH optimum, the activation of GDH by alkalization of intracellular pH is improbable. The addition of 300mM-NaC1 to the reaction mixture and culture medium increased the GDH activity by about 1.5 times. It is not clear, however, whether these slight increases in G D H activity and/or content contribute to the significant increase of intracellular glu tamate concentration.
The intracellular proline concentration of the wild-type strain increased about 100-fold when cells were grown in a proline-containing high osmolarity medium. This result indicates that the wild-type strain of S. wiareescens accumulates exogenous proline in the cells to oppose the osmotic stress. This is probably the reason why proline reverses the osmotic inhibition more effectively than glutamate in wild-type strains. A third proline permease, functioning under conditions of high osmotic stress, was reported in Sulmonellu tjphimurium (Csonka, 1982) , suggesting the possibility of the presence of a similar proline permease in Serratia murcescens. We have found that the sensitivity to proline analogues was significantly increased in a high osmotic stress medium . Changes in the intracellular analogue concentration under conditions of high osmolarity are now under investigation.
The intracellular proline concentration of the proline-producing strain increased to about 100 mM during high osmotic stress, indicating that proline synthesis was activated under these conditions. Since the feedback control of proline biosynthesis is released in proline-producing strains, the increased proline concentration might be due to the rapid conversion of glutamate, the concentration of which increased during high osmotic stress. Therefore proline, as well as glutamate, is important for osmoregulation in the proline-producing strain. These results agree with those in Snlmonvllo tjphiniurium (Csonka, 1981) . in which proline levels in the proline-producing strain harbouring the mutant allele pro-74 increased up to 22-fold in response to 0-65 M-NaCl.
In conclusion, the wild-type strain of Serratia rnarcescens withstands osmotic stress by increasing the intracellular concentration of endogenously synthesized glutamate in minimal medium, and by increasing the intracellular concentration of proline taken up from the external medium in a proline-containing medium. In contrast, a proline-producing strain of S. rnarcescens responds to the stress by increasing the intracellular proline and glutamate concentrations in either the presence or the absence of proline. In addition to these osmoregulatory mechanisms involving amino acids, another osmoregulatory mechanism involving glycinebetaine is also present in S. rnarcescens.
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